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Review of high bandwidth fiber optice radiation eennore*

.

Peter B. Lyone

University of California, tie Alamos National kborato~
P.O. Box 1663, MS E527, LoE Alamoa, New Mexico 87545

Introduction

Fiber optics are being effectively utilized in an iucreaeing range of data and infor-
mation tranefer applicatLon6. A lee6imature, but equally challenging, application of fiber
optice concerns their uoe for a hoet of oenaor technologlea. Fiber eeneore have now been
developed for measurement of many physical parameters. Theee ●enaor eyateme freq~ently
axploit sevaral
❑~eaion medium, fY&l%I1 ;&;KZriXl ‘;;;;~~eAZ~~dk!dW~~F~;

an all-dielectric rrana-

in severe or adverae environments, light weight, et:.
reaiatance to degradation

Thin paper eummarizea the uae of fibar optice or guided optical eyetems for radiation
aenaora. It La limited to paaaive eyetema wherein electrical power La not re uired at the
aenaor locatitm. However, 7electrically powered light oourcea, receivere and or recorder~
may still be required for detection and dcita atora e in eanaor eyatem operation.

% bandwidth meaaurementa of tra.)s~;~paper emphaaizea aeneor technologies that parmf.t hlg
radiation levels, ●nd will aleo diacuaa several low bandwidth application.

In addition to diacuaalon of several epecific tienaor concept~, an extensive bibliogra hy
in included to guide reeearch into theee, or other, forma of radiation aeneora. !%0
bibliography La subdivided into four major aubdivieiono. In the bibliography, each paper
is listed only once, even thou h a given paper may include data ●ppropriate to eeveral
aectione. Furthermore, to avol f long reference liata within the text, only a few of the
bibliographical entrlem are referenced therejn. The preeent conference ia not included in
the reference net, but includes eeveral ralat~~ ~apere. Four other general reviews of
related technologies may be of particular benefit. A-

Radiation effacta on optical fibers

At leaat aix different raciiation effacte on optical fibere have been documented: (Some
of the affects mentioned below a~e Lnterralated, in that one effect impliem the existence
of another affect.)

1) Dimcnaional Modifications - Extensive literature haa documented alteration of
“matarial atructura unde~ irradiation.60 Radiation can both cujae defects in
materiala ●nd, under some condltlona, can eerve to anneal def’ecte. Such changae in
microscopic structure can be anticipated to lead to di
cations,

oj~sional or c~anaity ❑odifi-
knd ouch effacte in fibers have been documental.

2) Refr6 :tive Index - A change in density or dimena!tin will lead to ● modific~tlon in
~accive index. For example, Bartolot[i, ●t al obaorved a than ● of 2.8% in
refractive in~ex in Pb-elllcate coro glaee fiber~ ●~er irradiation to !000 radn.~s

3) Thermolumineacenca - Tharmoluminmecenca La thm badio for many simple radiation
monltore using small chips or s~mplea of several crystalline materials (e.g., LiF or
CaF2) . l’hia procead relies on tha creation of deep trapm in ● ❑atarial ,subjected
to redlation, the aubnequent thermal releame of trapped charges, ●nd radiativa
recombination of thuoa mobile char ea at another site in thn lattice.

~ to ●n obaervabl~,li~ht o.tput. ~!k~’~;;~!z~decay following recombination lea e
cence ham been obnmrved ●nd studitd in optical flbnrs. J

4) Modal Pro+ertieti - Light ia tranomi,ttad within ● fib~r in opeciflc modem, cherac-
~.i=j%~hrent spatial ●nd angular distrib.tionn. Propagation characterl-tics
of Individual modaa mey be modifiad by radiation in ●evaral ways. For ●xample,
diffarent modes preferentially propngate in dLffmrmnt ragiona of a fiber. If
radiatlor,.induced abaorptlon varlae acrosa a fiber (perh.p.
fiber com osition),

due to n gredient in

!
modem will be ●ffected to var ing ●xtentt.

[
Tho pul-a dloparslon

clinracter ntlco of e flbar depend on tha distribut on of optical powar amonq tho

~tirk-iie~rtii~edunfirm aunpican ot the U.S. Dapnrtment of Enargy.
—.
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Difference* in radiation-induced attenuation of different
have been documented, as have substantial changee in pulse

- Color centers are created during radiation exposure in optical fibers
5) %%?%%adiation. Extensive literature treatm this phenomenon

experimental condition.
under many

6) hminescence - Both flbera and many other optical materiale will emit light under
~rrad iation. Again, very extensive literature addresses this phenomenon.

Roceaaea 1-6 could be used for ●enaor application. To the author’s knowledge, proceaqee
1, 2, and 4 nave not been exploited as a sensor. Process 3 probably could be exploited,
given a witable aenaor requirement. The last two proceaaea have been extensively used and
will be emphasized herein.

Both absorption and luminescence may occur either within a fiber (an “internal” sensor)
or within a material adjacent to a fiber link (an “external” sensor). Both internal and
external senaora are diacuased in this paper. Furthermore, both phenomena may be used in
high &nd low bandwidths systems.

Absorption and luminescence proceaaea (number 3, 5 and
rather tha~ phaae-sensitive detection. Procesaea 1 and
sensitive mode. Process 4 might require a spatial mode
discussed herein use inteneity detection.

Radiation sensors utilizing absorption—

6) require intensity detection
2 co”lld be used in a phase-
detection system. All systems

I@?WY&l

Alte~n;ti;~n fiber compositions and draw conditions result in very large changes in both
short-
from the Nava~ Research Laboratory (NRL), docume~an~he!~e~~re~;~~!~s’ ~rt&#I~;;~

-term radiation-induced absorption.

germanium-doped silica fibera demonstrate substantial tranaient absorption and a rapid
recovery of the attenuation while phosphorus-doped fibers display less tranaient upset but
very little recovery at long times. Both temperature (thermal annealing) and light level
(photobleaching) are critical parameter in absorption obaervationa.

At leaat three low-bandwidth fiber radiation aenaor ayatama have been diacuaaed in the
literature. In 1977-78, an NRL package waa flown on the Navigational Technology
Satellite-2 and returned data radiation levels aa a fu.>ctl.onof shielding for
times in oxcean of one year.4?n ~pa~~r-e “fiber” ayatem waa de n r ed using an FEP
plaatic tube with a dye solution of appropriate index aa a core.~?)?k-?~ T’hia doaime~e~

ayatem has been extenaf.vely documented and haa demonstrated useful performance
decadea of dose. ‘Ver ‘t!lyA Pb-silicate core fiber was used in a civil defense doRimeter.
Theau ayatema benefit from a key attribute of fiber sensor ayatema in that the absorption
ph~nomena scale with aenaor length and wide rangea of dose may be atudl.ed with ayatema of
vmrying length.

Tranaient absorption in fiber optics has been studied by several
Los Alamos National Laboratory and the Naval Research Laboratory. i;\%:Wri;:’ ;:%;:;6

tranalent doaimetry meaaurementa ahollld be poaaible with fiber absorption aenaora, but t:
the author’n knowledge, auccesaful ayatama have not been implemented.

&Jch Byetamn concepts are complicated by two henomena:
1. In most fibers, aubatantial racovery o! tranaient ●baorptl.on occurs on nanosecond

time scales. Time-resolved dosimetry ❑ust deconvolve such recovery to determine
the input radiation pulse time hlatory. (Some fi.bera, notably phosphorus-doped
fibers, would show minimal recovery and might be more
doaimetry,

nultable for transient.
but to date these fi.llerahave not baen studied ou nanosecond time

scales.)

2. Menauramonts of trannlent aba
fibera ,l~tion for

various dose level~ have been reported on
radiation rnalatant Thaea meaflurementu have yielded a strongly
nonlinear relntionnhip batween radiation done and trannlent ●bmc;ptlon magnltudo.

Elthar ona of thes8 two phnnomnna would complicate accurate trn,lnlent do~lmetry u~l,,g
abrnorption in -ptinal fibers . Taken together, they have diacouraget the uMe of fiber
●bnorptlon for tr~noient doolmetry.

Absorption in optical materi~ln external to op~ical fibers may also be con~lderad.
Rndiatlon-induce.d o>ticnl nbaorptfon ham been noted in many mnLari,n~n.

woul~ utilf.za h dratad (or colvatad)
~j~;!!l~i~i~~trona offer a vary /aHt (few pmac) ,

On~ of’ tl]o mnny
eLnctronm in aquooun tioluti[)nl+.

but iIIN@oliiti.Vcj, absorption mpc}lnninm.
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Radiation sensors using luminescence phenomena

Fibers, as well ae many other materials, can ludnesce when exposed to ionizing radia-
tion. These can form the baai.s for a wide range of aenaor possibilities ueing lumj.neacence
internal or externa’. to the fiber.

Both short- and long-term luminescence components huve been identified from irradiation
of optical fibers. Short-term components aeaociated with pulsed, high energy, e-beam
irradiation of fibers have been a wn

radiation.~~ ~fcul.ation~
m wavelength ●nd geometrical dependence to be

dominated by Cerenkov and meaeuremante
coupling coefficients for specific geometries ●re ‘f ~~~~~ur~~ik’available in tha :
Low-energy electron irradiat

i?:19
have also documented long-lived lumineqcencfa ●aaociated

with fluorescence mechanisms.

For sensor systems employing shorf langths of fiber, degradation of Zha luminescence by
fiber transmission limitations La not a serious concern. Many systams have used scin-
tillating material,
systems of this type~~~$~rr~lli%%’c ‘r ‘ari~~ ~$’a’~~ays of short

for fiber core material. Early
on an air- 1 st c i.nte~face for light guiding, but more

modern systems utilize cladding materials. s s
have been extenaivel

K

scintillating fibers
used in high energy parti.cla physics research to localize ionization

tracks. Gonventi.ona plastic ocintillator films have been successfully uaad, together with
;~~;yyf fiber bundles or arrays, to document spaca and time evoluf:ion of particle

For sensors systems requiring remote recording, the len th of fiber cnn severely distort
the observatio~. fBoth fiber attenuation and material d spersion complicate data trans-
mission through long fibers. In addition, the small cora araa of high bandwidth fibers
limits the amount of light coupled into propa sting modes of the fiber.

~ for long wavelength systems. (As roufh
Both fiber

attenuation and material dispersion are mirimize
approximations, useful for wavelengths appropriate to “standard” sclritilla LOT mater a e
(350-500 rim), these two phenomena ecale with wavelength, X, as i-~ and ~-$.]
Unfortunately, Cerenkov light output scales as A-3, t\eraby yielding lass light at the
longer wavelengths of interest.

Considerable effort has been expended to utilize Cerenkov light ag ● rr.diation sensor,
largely because it is an extremely fast process. Cerenkov light tracks tha transit time of
charged particles through the optical material. Matarial disperalan conceras were
dressed in the first systems by using only a narrow a ectral window in the eys~em.

r

W

(Material dispersion over 1 km of fiber at 800 nm contr butes
dispersion per nanometer of spectral window).

about 110-120 ps of pulse
This only complicated the low sensir.ivi.tyof

these systems by rejecting most of the usable light.

Improvements have included thrae techniques:
1. S ec~ral Efualizatlon - This development used a gratin

$lTseT3EARIoJs ‘Toqualj.zi.ng” !
tIJ dlspersu ths Cereokov

fibers, each fiber accept ng a narrow (1 nm) spectral
width. Each fiber was cut to a length, different for ea:h fiber (and thereforti,
wavelen tll), to cancel material dispersion

!llumlnated the final.photudetactor.2$
ith fiber tranwi.t time. All equalizing

fibers

2. Streak E ualization - This development di.speraed the Cerankov pulse onto the photo-
X.&a streak camera .uch that the directio,, of the sweep deflection was
parallel to the wavelength dispersion axis. A swee~ peed can ba chosen to cancal
material djaperslon over a limited v.!aveiengthi.ntarva .

3. Both. concepte, 1 and 2, have been comb ned into one ayf(~am thereby ●llowing a ❑ore
flexible choice of operating paramatara. b

All three techniques have baen uued to varying axtmnto. }iow~vero the first technique La
mora limited in speed by the uee of n photomultiplj.er @200 ps FWt4), whereas streak tube?
(usad in the latter two techniques) can ba ❑ilch faster. Recent improvemontn to (1) have
now ●llowed it to use streak recording.

Specicl sclntillators h~ve ●lao been developod to prnvide a light out ut useful with
long fiber Iangtha. $Both organic and inorganic ncit!tillatol:shave been stu ied
1ight output efficiency, increa~e wavul.ength, ●nd minimice time
Theso sy~temtihmve been extensively used,

rag onae.l$L~~~&!~”
frequently in cor,junc:lon with %iberfa~lntillator

array~ to pruvlde tlm~ and apatinl re~.lution ot a radLaticn aourca.
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f Conclusion—— —

Fiber optic radiation sensors have been widely used in diagIIOetLc application. Future
review paper~ on thie eubject will doubtlena be more extensive than this effort, aa ❑ore
~umeroua and Jiverae applicatlona of these technologitas are documented.
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